Abstract. The loss of neurotrophic factor support has been shown to contribute to the development of the central nervous system. Glial cell line-derived neurotrophic factor (GDNF), a potent neurotrophic factor, is closely associated with apoptosis and exerts neuroprotective effects on numerous populations of cells. However, the underlying mechanisms of these protective effects remain unknown. In the present study, a significant increase in Bax levels and DNA fragmentation was observed in the hippocampus obtained from the brains of diabetic rats 60 days after diabetes had been induced. The apoptotic changes were correlated with the loss of GDNF/Akt signaling. GDNF administration was found to reverse the diabetes-induced Bax and DNA fragmentation changes. This was associated with an improvement in the level of p-Akt/Akt. In addition, combination of GDNF with a specific inhibitor of the phosphoinositide 3-kinase (PI3K)/Akt pathway, Wortmannin, significantly abrogated the effects of GDNF on the levels of p-Akt/Akt, Bax and DNA fragmentation. However, a p38 mitogen-activated proten kinase (MAPK) inhibitor, SB203580, had no effect on the expression of p-Akt/Akt, Bax or DNA fragmentation. These results demonstrate the pivotal role of GDNF as well as the PI3K/Akt pathway, but not the MAPK pathway, in the prevention of diabetes-induced neuronal apoptosis in the hippocampus.
Introduction
Diabetes mellitus (DM) is a metabolic disorder and can cause several complications, such as cardiomyopathy, peripheral neuropathy and nephropathy. Evidence has demonstrated that DM can also cause dysfunction in the brain termed diabetic encephalopathy (DE), which is characterized by brain neurophysiological changes, neurobehavioral deficits and neuron loss (1) (2) (3) (4) . Studies regarding streptozotocin (STZ)-induced type-1 diabetes in mice have provided evidence demonstrating that apoptosis is associated with neuron loss (5, 6) .
Glial cell line-derived neurotrophic factor (GDNF) is one of the most potent growth and survival factors for neuronal cells and dopaminergic neurons (7) (8) (9) (10) . A previous study demonstrated that GDNF administration ameliorated cell apoptosis in neurodegeneration (11) . One recent study indicated that GDNF could rescue retinal cells from neurodegeneration at an early stage of diabetes (12) . GDNF-epithelial growth factor receptor 1 (EGR1) pathway activation is critical in renal epithelial cell apoptosis and migration in diabetic renal embryopathy (13) . In addition, GDNF, nestin and glial fibrillary acidic protein (GFAP)-positive reactive astrocytes appeared at an early stage in 6-hydroxydopamine-induced Parkinsonism in rats, which suggested the existence of endogenous neuroprotective mechanisms that act via the release of BDNF and GDNF from GFAP-positive immunoreactive astrocytes (14) . However, one recent study indicated that GDNF treatment did not affect neuronal survival but another neurotrophic factor, neurotrophin 3, was able to enhance the survival of enteric ganglion cells in H 2 O 2 -treated cultures (15) .
A ser ies of studies have explored the signal transduction processes of GDNF, which underlie the neuroprotective effects (16, 17) . A recent study showed that the GDNF/mitogen-activated proten kinase (MAPK)/EGR-1 pathway is critical in renal epithelial cell apoptosis and migration in diabetic renal embryopathy (13) . The pleiotropic function of GDNF has been found to control migration and neuronal differentiation of enteric ganglion precursors (18) . High intracellular activation of GDNF downstream pathways triggers neuronal differentiation, while low-level activation of Upregulation of p-Akt by glial cell line-derived neurotrophic factor ameliorates cell apoptosis in the hippocampus of rats with streptozotocin-induced diabetic encephalopathy GDNF signaling is crucial for the maintenance of the progenitor state (18) . In addition, the ERK/MAPK pathway, instead of the phosphoinositide 3-kinase/Akt (PI3K/Akt) pathway, was proposed to be the key endogenous neuroprotective mechanism, acting via the release of bone-derived neurotrophic factor (BDNF) and GDNF from nestin and GFAP-positive reactive astrocytes in the 6-hydroxydopamine-induced rat model of Parkinson's (14) . Furthermore, a recent study demonstrated that mechanical and thermal hypersensitivity was correlated with the structural changes and loss of GDNF/ Akt signaling in injured limbs 7 days after chronic constrictive injury was induced. Intramuscular injection of adenovirus encoding GDNF could restore the protein level and activity of the GDNF/Akt signaling pathway in the sciatic nerve (19) . Notably, GDNF increased Akt phosphorylation, lowered β-cell death, and raised glucose-induced insulin secretion in cultured human islets (20) .
Although it was previously demonstrated that GDNF is important in decreasing apoptosis in cultured Muller cells during the early stages of diabetic retinopathy (21) , the possible effect of GDNF and downstream PI3K/Akt signaling on apoptosis in diabetic encephalopathy remains unclear. In the present study, it was revealed that administration of GDNF markedly increased p-Akt levels and decreased Bax and DNA fragmentation levels in the hippocampus of rats with STZ-induced DE. These effects of GDNF most likely occurred via the activation of the PI3K/Akt signaling pathway.
Materials and methods

Induction of diabetes and DE.
A total of 45 male Sprague-Dawley rats (age, ~60 days; weight, 250 g) were obtained from the Research Animal Center of Henan Province (Zhengzhou, China). The animals were provided with ad libitum access to water and food under a 12:12 h light-dark cycle at 24˚C. All of the animal experiments were conducted in accordance with the National Institute of Health guidelines for the Care and Use of Laboratory Animals (22) . The present study was approved by the ethics committee of the Xinxiang Medical University (Xinxiang, China). Type 1 diabetes was induced by a single intraperitoneal injection of STZ (60 mg/kg body weight; Sigma-Aldrich, St. Louis, MO, USA) or 0.1 M citrate buffer vehicle (Beyotime Institute of Biotechnology, Shanghai, China) as previously described (23, 24) . Fasting blood glucose concentrations were measured 72 h after STZ injection. Rats (n=35) with blood glucose levels >11.1 mmol/l were considered to be diabetic (23) . Rats (n=5) with blood sugar levels <11.1 mmol/l were excluded from the study. The 35 diabetic rats were divided into seven groups: Group 1 was untreated; group 2 was treated with GDNF; group 3 with vehicle (10 µl of 0.1 M phosphate-buffered saline (PBS) administered to the left lateral cerebral ventricle); group 4 with GDNF + Wortmannin (Calbiochem; Merck Millipore, Darmstadt, Germany); group 5 with Wortmannin; group 6 with GDNF + SB203580 (Calbiochem); and group 7 with SB203580. A total of 60 days following injection of STZ, diabetic rat brain structural abnormalities and cognitive impairment was assessed using a Y-maze as previously described (24) .
Intracerebroventricular administration of GDNF. Beginning 60 days after STZ injection, the animals were anesthetized using ketamine/xylazine (10:6.5 solution; 1.0 ml/kg intraperitoneally; Sigma-Aldrich), A total of three 100 µg intracerebroventricular injections of human recombinant GDNF (Peprotech, Inc., Rocky Hill, NJ, USA) in 10 µl of 0.1 M PBS or an equal volume of vehicle were administered to the left lateral cerebral ventricle (AP-1.0, LM-2.0, DV-3.4) at a rate of 1 µl/min every 7 days according to the methods of a previous study (25) . To evaluate the signaling pathway involved in the effect of GDNF on apoptosis in the hippocampus, 1 h prior to GDNF injection rats received an intracerebroventricular injection of the PI3K/Akt inhibitor, Wortmannin (2.5 µM, 10 µl), p38 MAPK inhibitor, SB203580 (50 µM, 10 µl), or vehicle.
GDNF ELISA detection. The rats were sacrificed with an overdose of barbiturates 3 days after the final injection, and the hippocampus was removed immediately. The preparation of hippocampus homogenates for GDNF detection was conducted as previously described (26) . Briefly, the hippocampus was homogenized in the lysate buffer containing 0.1% Tween-20, 0.5% bovine serum albumin, 2mM EDTA in 1X PBS, and protease inhibitors (all Sigma-Aldrich) and centrifuged at 14,000 x g for 30 min at 4˚C. After centrifugation, the supernatant was collected. The levels of GDNF were quantified in duplicate using a GDNF ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
Preparation of tissue lysates and western blot analysis.
The hippocampal tissue samples were lysed in ice-cold radioimmunoprecipitation assay buffer (Roche Diagnostics, GmbH, Mannheim, Germany) containing 1X PBS, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate and protease inhibitor cocktail (Sigma-Aldrich) to extract the protein. Samples were incubated for 30 min on ice, and then the protein lysates were centrifugated at 12,000 x g for 30 min to remove the pellets. For western blot analysis, equal quantities of protein lysates were separated on 5-15% Bis-Tris gels (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and proteins were transferred onto 0.22-µm polyvinylidene difluoride membranes (Invitrogen; Thermo Fisher Scientific, Inc.) electrophoretically. The membrane was blocked with 5% non-fat milk for 2 h at room temperature then incubated with the specific antibodies at 4˚C overnight: Rabbit monoclonal anti-rat p-Akt (1:1,000; cat. no. 13038; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit monoclonal anti-rat Akt (1:1,000; cat. no. 46855; Cell Signaling Technology, Inc.) and rabbit polyclonal anti-rat Bax (1:1,000; cat. no. ab7977; Abcam, Cambridge, MA, USA). After washing with 1X Tris-buffered saline with 0.05% Tween-20, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (Pierce, Rockford, IL, USA) for 1 h at room temperature and immunoreactivity was visualized by enhanced chemiluminescence (Pierce).
Measurement of DNA fragmentation. DNA fragmentation was evaluated using the Cell Death Detection ELISAPLUS kit (Roche Diagnostics) according to the manufacturer's instructions. Briefly, the tissues were washed with D-Hanks solution (Sigma-Aldrich), incubated with 200 µl lysis buffer for 30 min at 37˚C and centrifuged at 200 x g for 10 min at 4˚C. The supernatant from each tube was incubated in a microplate coated with streptavidin containing anti-DNA-peroxidase (1:50; clone MCA-33) and anti-histone-biotin (1:50; clone H11-4) to capture the apoptotic nucleosomes. Biotinylated mouse monoclonal anti-rat histone antibody bound via the histone component and the peroxidase-conjugated mouse monoclonal anti-rat DNA antibody bound to the DNA of the nucleosomes. The unbound antibodies were removed by washing with PBS, the amount of peroxidase retained within the immunocomplex was determined using 2,2'-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (Sigma-Aldrich). The absorbance was read at 405 nm using a microplate reader (CSL Behring, King of Prussia, PA, USA). The DNA fragmentation was defined as a percentage of the vehicle-treated group.
Statistical analysis. All data are presented as the mean ± standard error of the mean, and statistical analysis was performed using one-way analysis of variance. The exact F statistic value and degrees of freedom were used to calculate probabilities. SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) was used to conduct the statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results
Diabetes increases apoptosis in the hippocampus.
In order to investigate whether or not apoptosis is induced in the hyppocampus, the level of Bax and DNA fragmentation in the hippocampus was examined. Following the induction of diabetes (60 days), a significant increase in apoptosis was observed in the rat hippocampi as compared with the control group. The data clearly shows that the levels of Bax (Fig. 1A) and DNA fragmentation (Fig. 1B) were significantly increased in the rats with DE compared with the control group.
STZ reduces the expression of GDNF and p-Akt/Akt level in the hippocampus of diabetic rats.
To investigate whether 
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GDNF signals are involved in DE, the protein level of GDNF was analyzed by ELISA 2 months after STZ administration. The expression of GDNF in the hippocampus was evidently lower in the STZ-induced group as compared with the control group ( Fig. 2A) . The expression of p-Akt/Akt, a downstream target of GDNF signals, was also significantly decreased in the hippocampus at day 60 in the rats with DE as compared with the control group (Fig. 2B) .
GDNF delivery changes the expression of p-Akt/Akt and the apoptotic status in rats with DE.
Effects of human recombinant GDNF administration on Akt levels in rats with DE were evaluated by western blot analysis. As shown in Fig. 3 , the p-Akt/Akt level in the GDNF-treated rats was significantly increased compared with that of the control diabetic group, while the levels of Bax and DNA fragmentation in the GDNF-treated diabetic rats were largely reduced (Fig. 3) .
PI3K/Akt inhibitor reverses GDNF-induced activation of p-Akt.
The signaling pathway involved in GDNF-induced anti-apoptosis was then analyzed in the hippocampi of rats with DE. The PI3K/Akt inhibitor Wortmannin antagonized GDNF-induced p-Akt expression, and the levels of Bax and DNA fragmentation (Fig. 4A-C) , while the p38 MAPK inhibitor SB203580 did not affect the level of p-Akt/Akt, Bax or DNA fragmentation (Fig. 5A-C) . This suggested that the PI3K/Akt pathway but not the MAPK pathway, is involved in GDNF-induced Akt expression in the hippocampus. 
Discussion
Neurons in the central nervous system are particularly vulnerable to hyperglycemia and GDNF has been shown to be protective against STZ-induced neural retina apoptosis in diabetic rats (12) . Our previous study showed that exogenous GDNF decreased apoptosis in cultured Muller cells under high glucose conditions (21) . The present study investigated the effect of supplementation of GDNF on apoptosis in the hippocampus and the mechanisms underlying this effect in rats with DE. STZ-induced diabetes caused notable apoptosis with markedly decreased levels of p-Akt/Akt in the brain. Treatment with GDNF significantly ameliorated apoptosis by upregulating p-Akt/Akt. The GDNF-induced decrease in the level of Bax and increase in the p-Akt/Akt level were associated with the PI3K/Akt pathway. A single high dose injection of STZ can induce diabetes mellitus (27) . This type of animal model has been widely used in the study of the pathophysiology of diabetes and its complications. The cognitive function of diabetic rats has been shown to be impaired in STZ-induced diabetes mellitus (3). Elevated blood glucose levels have been reported to cause degeneration of neurons in patients with diabetes (28) . Type 2 diabetes has been found to induce changes in the cellular composition of the brain during aging (29) . In the present study, it was demonstrated that Bax protein levels significantly increased (Fig. 3A and B) 2 months following induction of diabetes, which indicated that STZ induced apoptosis in DE.
It has been shown that the hippocampus is involved in learning/memory processes; and the neuronal cell apoptosis in the hippocampus has been shown to be associated with learning and memory or performance. The occurrence of neuropathy in diabetes, not only in diabetic patients but also in animal models, is well known. In the STZ model of diabetes, the persistence of increased apoptosis in the neural retina has been demonstrated (12) . However, the evidence of neuronal apoptosis and its underlying mechanism in diabetes has not been fully elucidated. In the present study, it was demonstrated that hippocampus neuronal apoptosis is associated with diabetic neuropathy, as shown by the expression of Bax and by DNA fragmentation. A deficiency in the neurotrophic factor GDNF was also detected in the hippocampus. This is consistent with previous studies which reported that the levels of GDNF were downregulated in the colon of diabetic rats (30) and in the sciatic nerves of diabetic rats (31) .
In vivo, administration of GDNF into the striatum or the lateral ventricle has been found to protect nigral dopaminergic neurons in a partial lesion model of Parkinson's disease (32) . In addition, intracerebroventricular GDNF administration improved motor ability in bilaterally 6-hydroxydopamine lesioned rats (33). The above studies suggest that delivery of GDNF to cerebral ventricles may prove to be a possible method to treat DE.
The mechanisms involved in the effect of GDNF on neuronal apoptosis and survival have not been fully explored. GDNF has been shown to reduce apoptosis and enhance the survival of retinal ganglion cells (34) . Previously it was demonstrated that exogenous GDNF not only decreased apoptosis under high glucose conditions but also accelerated the speed of synthesis of GDNF and GFRα1 proteins in Muller cells (21) . In this study, it was observed that GDNF delivery significantly increased the level of Bax. The GDNF-mediated effect of preventing apoptosis was further confirmed by the decrease in DNA fragmentation in the hippocampus of rats with DE. GDNF signaling has been found to promote β-cell survival and improve glucose tolerance through the PI3K/Akt signaling pathway (35) . In line with these observations, in the present study, GDNF enhanced the expression of p-Akt/Akt in the hippocampus and protected against apoptosis induced by diabetes mellitus. In another study, GDNF has also been shown to enhance human islet posttransplantation survival (20) . 
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Intracellular signaling pathways, including P38 MAPK and PI3K/Akt signaling pathways were involved in the regulation of cell survival. It was then investigated whether GDNF administration enhanced the activation of the PI3K/Akt pathway. GDNF-induced upregulation of p-Akt/Akt was reversed by treatment with the PI3K/Akt inhibitor Wortmannin, which is a specific inhibitor of PI3K in the nanomolar range (36) and 2.5 µM Wortmannin has been shown to inhibit the expression of long-term potentiation in the dentate gyrus of rats (37) . In addition, the PI3K/Akt inhibitor, Wortmannin also inhibited the GDNF-decrease of Bax and DNA fragmentation. However, treatment of diabetic rats with the p38 MAPK inhibitor SB203580 did not abolish the GDNF-mediated increase of p-Akt and the decrease of Bax and DNA fragmentation. PI3K/Akt is the only enzyme known to be inhibited by Wortmannin (38) , which suggests that GDNF has the ability to reduce the level of Bax and the expression of DNA fragmentation is dependent on the activation of the PI3K/Akt pathway.
In conclusion, the present study demonstrates the involvement of GDNF loss in STZ-induced DE. It also demonstrated a protective effect of administration of GDNF, which was associated with its antiapoptotic effects. It was demonstrated that this function may be dependent on the activation of the PI3K/Akt pathway. These results provide evidence for the role of GDNF in preventing the progression of DE.
